We present a brief review of some applications of quantum field theory in condensed matter systems. These include isotropic and anisotropic antiferromagnetic chains, strongly correlated organic conductors, such as the Bechgaard salts, carbon nanotubes and high-Tc superconductors. The review is by no means exhaustive and points to a vast range of new interesting possible applications.
Introduction
Quantum field theory, since its birth, has been the basic framework for describing the physics of elementary particles and their interactions. Firstly, its success in quantum electrodynamics has been enormous, leading to the best theoretical predictions of the whole physics. Later on, use of quantum field theory in the description of the weak and strong interactions, was also extremely successful, converging for the standard model, which has a vast and impressive body of experimental support. It was in the 80's, however, that the efforts to produce a quantum field theory based grand unified model for the weak, strong and electromagnetic interactions, failed. This was the starting point for the attempts to use new methods such as string theory in high-energy physics.
Coincidentally, three paradigms of condensed matter physics fell in the 80's, namely, the independent electron approximation, the Landau theory of the Fermi liquid and the BCS theory of superconductivity. The first one is the basis upon which the so called solid state physics has been built and allows a thorough understanding of metals, insulators and semiconductors. The second one is a systematic procedure for introducing interactions among the electrons and describes quite well a large variety of systems in condensed matter. Both of them failed to provide an adequate description of new complex materials presenting strong electronic correlations, found in the 80's and 90's. BCS theory, on the other hand, for 30 years was the fundamental framework for understanding the phenomenon of superconductivity. Nevertheless, it was unable to provide an explanation for the mechanism underlying the new high-temperature superconducting cuprates discovered in the mid 80's.
Quantum field theory, being the natural framework for the quantum description of interacting many-particle systems, found a fertile field of applications, precisely in the description of those condensed matter systems, which could not be described by traditional methods. A new and active area of applications of quantum field theory in condensed matter has thus been opened and is the object of this brief review. We are going to concentrate basically in lowdimensional quantum magnetic systems, strongly correlated low-dimensional conductors, carbon nanotubes and high-Tc superconductors.
Quantum magnetic chains

Isotropic Heisenberg antiferromagnet
Let us consider the one-dimensional AF Heisenberg hamiltonian (XXZ)
The isotropic case corresponds to δ = 1. We can map this into a fermionic system through the Jordan-Wigner transformation [1]
Taking the continuum limit, we can use bosonization to map the original spins into a bosonic system [2] , namely
and S
where φ and θ are dual bosonic fields satisfying
where
and v = πJ 2 is the characteristic velocity (spin-wave velocity). Observe that the isotropic case (δ = 0) corresponds to β 2 = 2π. After bosonization, the original hamiltonian (1) becomes
A similar expression can be obtained in terms of θ by using (5) . Usually, the most relevant quantity in a magnetic system is the magnetic susceptibilty, which is given by
in the static homogeneous case. This can be evaluated by using (3) and (7). In order to obtain finite temperature corrections conformal perturbation theory must be used to correct the conformal invariant hamiltonian (7). The result is [3] χ(T ) = 1
where T 0 7.7J. This expression for the susceptibility is in excellent agreement with the experiment for Sr 2 CuO 3 , which is the best experimental realization of the antiferromagnetic quantum Heisenberg chain [4] , provided we choose the exchange coupling as J = 2200K.
Heisenberg antiferromagnet in an anisotropic field -copper benzoate
Copper benzoate Cu(C 6 H 5 COO) 2 · 3 H 2 O is a quite peculiar quantum magnetic chain, because if we apply to it an external magnetic field H in the z-direction, a transverse staggered magnetic field proportional to H is generated. Indeed, the hamiltonian is
where h << H. Specific heat measurements clearly show [5] that a field induced gap is generated the spectrum, namely ∆(H) ∝ H 0.65±0.03 . The quantum field theory treatment of this system provides a beautiful explanation for this effect. Indeed, using the bosonization technique described in the previous subsection, we can write the hamiltonian above as the one of the sine-Gordon theory [6] 
where θ is one of the two dual bosonic fields introduced before. Using scaling arguments one can show that the above hamiltonian possesses a gap [6] 
In the isotropic case β 2 = 2π (weak field), we see that
, which is in excellent agreement with the experimental results for the specific heat [5] .
The sine-Gordon description of copper benzoate is also very successful in describing the specific heat curves of this material at low temperature. By means of thermal Bethe ansaatz, one can obtain the free energy, namely [7] 
is the first breather mass. The specific heat, given by c = T ∂ 2 f /∂T 2 , thereby obtained is in excellent agreement with the experiment [7] .
Another successful application of sine-Gordon theory in copper benzoate concerns its spectrum of excitations. From (14) we can obtain the ratio of the breather M 1 and soliton ∆ masses. This may be compared with neutron scattering experiments made with an applied magnetic field of 7 T . For this value of magnetic field, Bethe ansatz calculations indicate a value of β 2 /2π = 0.82 [7] . Introducing this value in (14), we get
The neutron scattering cross sections at 7 T [5] present a breather peak at 0.17meV and a soliton peak at 0.22meV whose ratio is precisely 0.78!
Strongly correlated organic conductors
There is a class of quasi one-dimensional systems with very rich physical propetries. These are the organic conductors known as Bechgaarad salts, namely (T M T SF ) 2 X, where X = P F 6 , ClO 4 , AsF 4 . These highly anisotropic materials consist in stacks of the planar T M T SF -molecules. At high temperatures, the conductivity along the stack axis is two orders of magnitude higher than along the transverse ones. The electron dynamics along this direction is described by the Hubbard hamiltonian
where c † iσ is the creation operator for an electron with spin σ at the site i and n i,σ = c † iσ c iσ . The first term in (17) is a tight binding hamiltonian (independent electrons), which corresponds to an electron energy E(k) = −2t cos ka, where a is the lattice spacing. Filling the valence band and expanding about the Fermi points (±π/a in the case of half filling), we arrive at a continuum fermionic system. This can be bosonized as
and
with v F being the Fermi velocity (v F = 2ta at half-filling).
The last term in (18) corresponds to the so called umklapp term, describing the interaction of electrons in the vicinity of one Fermi point with the ones around the opposite Fermi point, for a filling factor of 1 2n . The bosonic field is related to the original fermionic field as follows. Calling ψ 1 and ψ 2 , respectively, the continuum fields associated to the electrons around k = +k F and k = −k F (right and left movers), we have
A relevant quantity in the electronic system is the dynamic conductivity, given by
where Π(ω, q) is the Fourier transform of the retarded current-curent correlator, namely,
(23) The conductivity (22) can be evaluated by using (18) and (21). For frequencies much higher than the sine-Gordon gap (ω >> ∆), one obtains [8] 
This can be comparaed with the experimental results for (T M T SF ) 2 X and adjusted to the value 4n 2 K − 5 = −1.3 [8] . For half-filling (n = 1), we would have K ≈ 0.93, indicating that the system would be almost free in this case (K = 1 is the free case). In the quarter filled case, which corresponds to the real situation in the Bechgaard salts, conversely, we have K ≈ 0.23. This is very far from 1 (0 < K ≤ 1) and implies these materials are quite strongly correlated.
Carbon nanotubes
Carbon nanotubes are extremely interesting highly anisotropic systems consisting in graphite sheets folded in cylindrical tubes with a diameter of approximately 1.5nm. The electrons corresponding to the π-orbitals of graphite can move along the tube and may be modeled by the continuum hamiltonian [9] 
In this expression, the right and left moving fields (R and L) are obtained by expanding the tight-binding dispersion relation about the two Fermi points at +k F and −k F , respectively. The sum in a = 1, 2 runs over the two bands obtained by folding the graphite sheet and expanding around the Fermi points [9] . σ =↑, ↓ are the two spin orientations. The effective Coulomb potential along the cylinder axis is such that its Fourier transform is given by [9] V ef f (k) = 2e
where R is the cylinder radius, L, its length and κ ≈ 1.4 is the (experimentally determined) dieletric constant. Applying the standard bosonization method [2] to the ψ-fields, we get
Using the experimental value for the Fermi velocity, namely, v F 8 × 10 5 m/s and the typical dimensions of a carbon nanotube, R ≈ 0.75nm and L ≈ 1µm, we get K ≈ 0.28. We see, therefore that carbon nanotubes, like the organic conductors considered in the previous section, are strongly correlated electronic systems.
A very interesting experimental set up, consists in applying a voltage difference V to the carbon nanotube and measuring the current through it. For a density of states, given as a function of the energy as ρ(ε) = ε α , at a temperature T , the differential conductance is given by [10] 
(30) This has been obtained by using tunneling theory [10] . From (30), we can infer that
The parameter α associated to the electronic density of states in the nanotube may be determined from bosonization theory and (27), giving [11] 
for tunneling into the bulk of the nanotube and
for tunneling into the edge. Eq. (30) with α given by (32) and (33) (x) .
The model we propose is defined by the partition function [13] 
In this description, the localized spins of the Cu 
Concluding remarks
The few cases described in this review allow us to conclude that Quantum Field Theory is an extremely powerful and efficient method for describing Condensed Matter systems. It is specially useful for the case of lowdimensional and strongly correlated systems where the traditional methods of Condensed Matter fail. 
